42]. Despite the fact that among the human malarias, P. knowlesi is phylogenetically closely 1 1 0 related to P. vivax and there are five paralog members in pkmsp7 gene family [37] , no genetic 1 1 1 study has been done to characterize the P. knowlesi MSP7 ortholog members from clinical 1 1 2 samples. Thus in this study pkmsp-7D gene which is an ortholog to the Pvmsp-7H was 1 1 3 chosen for genetic analysis. In this study firstly, 36 pkmsp-7D full-length sequences (32 clinical isolates and 4 1 1 5 laboratory lines of Malaysia) were obtained from published databases based on the ortholog 1 1 6 gene sequence in P. vivax msp-7H (PVX_082680) [37, 43] . The level of sequence diversity, 1 1 7 natural selection using full-length genes as well at each of the three regions of the gene (5', 3' information obtained from this study will be helpful for designing functional studies and 1 2 0 future rational design of a vaccine against P. knowlesi. along with the H-strain (PKNH_1266000, old ID; PK13_3510c) (Additional file 1) [24] . The 1 2 7 sequence data with accession numbers are given in (Additional file 1). Signal peptide for the 1 2 8 full-length pkmsp-7D was predicted using Signal IP 3.0 and the trans membrane regions using 1 2 9
the Phobious prediction software [44, 45] . The PkMSP7D regions were characterized based 1 3 0 on the published ortholog of PvMSP7H (PVX_082680). Analysis of the minimum number of recombination events (Rm) within the pkmsp7D genes 1 5 2 was performed using DnaSP software v5.10 software [46] . Linkage disequilibrium (LD) is the 1 5 3 non-random association of sequences at two or more loci. Linkage disequilibrium index, r 2 1 5 4 (square of the correlation coefficient of allelic states at each pair of loci) against nucleotide 1 5 5 distance were plotted for pkmsp7D sequences across the gene using DnaSP 5.10 software. A 1 5 6 statistical significance test was conducted using Fisher's exact test and 2 test departures from 1 5 7 randomness and the value of r 2 ranges from 0 to 1 in the software. the robustness of the trees. (Table 1) . Of the 203 SNPs, 157 were parsimony informative sites, 46 were singleton variable 1 8 4 sites. Among the 157 parsimony informative sites, 131 were two variant, 23 were three 0.052 ± SD 0.002 which was higher than its ortholog in P. vivax msp7H [38] and the 1 9 2 haplotype diversity was 0.998 ± SD 0.002 (Table 1) . Sliding window analysis of diversity 1 9 3 indicated that highest diversity was at the central region of the gene (Fig. 3A) . The sliding (Table 1) .
The robust inter-species McDonald-Kreitman test indicated a positive selection when P. vivax 1 9 9
(NI = 1.25, P > 0.1) and P. cynomolgi (NI = 1.38, P > 0.1) were used as out-groups but were 2 0 0 not significant (Table 3) . Nucleotide polymorphisms across the full-length gene with hyper-2 0 1 variable SNPs within the sequences are shown in Additional file 3. Based on the sequence alignment of pkmsp7D and the diversity pattern across the full-length (from amino acid 145 to 257) and the 3' region (from amino acid 258 to 397). Nucleotide 2 0 7 diversity at the 5' and the 3' regions were of similar levels (π = 0.010-0.017) ( 601nt) in some of the isolates (Additional file 3). Twenty-three tri to tetra morphic nucleotides 2 2 0 (hyper-variable SNPs) were observed within the central region (Additional file 3). To determine whether natural selection contributes to the polymorphism in the 3', 5' and the 2 2 3 central regions of pkmsp7D gene, the difference of (d N -d S ) and codon based Z test was 2 2 4 evaluated independently for each region. The negative values at both the 5' and 3' region 2 2 5 obtained indicated negative/ purifying selection ( test were all negative implying negative/purifying selection due to functional constrains at 2 2 8 both these regions (Table 1) . Negative selection was also evident as there were an excess of 2 2 9 synonymous substitutions in both these regions ( which compares natural selection in the inter-species level, also showed significant values for 2 3 1 both P. vivax and P. cynomolgi as outgroup sequences for the 3' region ( MK did not yield statistically significant results for the 5' region, the results were indicative 2 3 3 of a negative selection. The test results for natural selection for the highly diverse central region of pkmsp7D also positive (Table 1) . This was also evident due the presence of excess of non-synonymous 2 3 9
substitutions within the region (nsSNPs = 73, sSNPs = 16) ( Table 2) . MK test, which also 2 4 0 showed significant values when both P. vivax (NI = 2.49, P < 0.05) and P. cynomolgi (NI = 2 4 1 2.28, P < 0.05) were used as outgroup sequences for the central region (Table 3) . exist within the msp7D genes in P. knowlesi (Fig 4) . there was no geographical clustering of knowlesi sequences (Fig.4) . The PkMSP7D sequences 2 5 4
were found to be more closely related to P. vivax MSP7H compared to its paralogs in P. NBPXA and TRAP was not observed in MSP7D [23, 25-27, 31, 49 ]. (Fig.5 ). The merozoite surface protein (MSP7) gene family is a group of surface proteins which are 2 6 3 involved in the initial interaction with MSP1 through a complex formation at the merozoite 2 6 4 surface during the invasion process and orthologs and paralog members have been identified 2 6 5
across Plasmodium species [37, 43] . In P. falciparum, MSP7 is expressed during schizont 2 6 6 stages and undergoes two step proteolytic processing similar to MSP1 and disruption of the PvMSP7H and PvMSP7I) the central region were found to be under the influence of strong Extensive functional as well as field based studies has been conducted on P. falciparum and 2 7 2 P. vivax MSP7 gene family members, but no studies have been done on P. knowlesi. Thus, 2 7 3 this study was conducted to genetically characterise the MSP7D genes from clinical isolates 2 7 4
of Malaysia which is the closest ortholog of P. vivax MSP7H. Sequence alignment of 36 full-length amino acid sequences of pkmsp7D genes from 2 7 6
Malaysia showed that it shares approximately 60.4% sequence identity with its ortholog 2 7 7
Pvmsp7H and the overall diversity across the full-length gene was higher than P. vivax [38] . Interestingly, the sequence identity within the PkMSP7 paralog member were low. Analysis were high leading to high number of haplotypes and haplotype diversity (Table 1) . Similar indicated that only the central region was under strong positive selection indicating immune 2 9 1 evasion mechanism of parasite at this region, however, the 5' and the 3' prime regions are 2 9 2 under functional constrains (purifying selection). These regions could potentially be the attained by the protein during the invasion process and exposure of the central region to host 2 9 5 immune system. Indeed, it remains to be proven through functional studies whether 2 9 6
PkMSP7D forms a complex with PkMSP1 as observed in PfMSP1-MSP7 complex [34, 42] .
9 7
A recent genetic and structural study on P. vivax msp7E sequences from Thailand predicted 4-2 9 8 6 α -helical domains at the 5' and 3' regions suggesting structural and functional constrains in isolates. This is an interesting finding because the pkmsp7D sequences used in this study is Pkmsp7D is not influenced by geographical origin of the parasite and both the parasite sub- repeat region in Pkcsp from Malaysia [51] . We also found high recombination values and LD 3 1 2 analysis indicated that intragenic recombination could play a crucial role in increasing 3 1 3 diversity at the central region. These findings will be helpful for future designing functional 3 1 4
binding assays to validate the molecule as a vaccine candidate. This study is the first to investigate genetic diversity and natural selection of pkmsp7D gene 
